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ABSTRACT

An ~6.6-kb region located upstream from the melanocortin 1 receptor (MCIR) gene and containing
its promoter was sequenced in 54 humans (18 Africans, 18 Asians, and 18 Europeans) and in one
chimpanzee, gorilla, and orangutan. Seventy-six polymorphic sites were found among the human sequences
and the average nucleotide diversity (w) was 0.141%, one of the highest among all studies of nuclear
sequence variation in humans. Opposite to the pattern observed in the MCIR coding region, in the
present region m is highest in Africans (0.136%) compared to Asians (0.116%) and Europeans (0.122%).
The distributions of m, 0, and Fu and Li’s [-statistic are nonuniform along the sequence and among
continents. The pattern of genetic variation is consistent with a population expansion in Africans. We
also suggest a possible phase of population size reduction in non-Africans and purifying selection acting
in the middle subregion and parts of the 5" subregion in Africans. We hypothesize diversifying selection
acting on some sites in the 5" and 3’ subregions or in the MCIR coding region in Asians and Europeans,
though we cannot reject the possibility of relaxation of functional constraints in the MCIR gene in Asians
and Europeans. The mutation rate in the sequenced region is 1.65 X 1077 per site per year. The age of
the most recent common ancestor for this region is similar to that for the other long noncoding regions
studied to date, providing evidence for ancient gene genealogies. Our population screening and phyloge-

netic footprinting suggest potentially important sites for the MCIR promoter function.

TUDIES of human genetic variation provide a pow-
erful means for elucidating the genetic, evolution-
ary, and demographic factors shaping the human ge-
nome. Such studies have recently been greatly facilitated
by the advent of fast sequencing techniques and the
abundance of human genomic sequence data, thanks
to the efforts of the Human Genome Project. Recent
surveys of human genetic polymorphism at the DNA
sequence level can be divided into two major groups.
The first group investigated regions of the human ge-
nome with no known or predicted genes, .e., noncoding
regions (e.g., KAESSMANN et al. 1999; Znao et al. 2000),
and provided baseline data for studying neutral evolu-
tion. The second group focused on regions containing
genes of particular interest (e.g., NICKERSON ef al. 1998,
2000; RIEDER et al. 1999) and presented a genetic frame-
work for association studies between genotype (or hap-
lotype) and phenotype (usually disease related). Despite
the rapid accumulation of data on human genetic poly-
morphism (reviewed in PRZEWORSKI et al. 2000 and Yu
et al. 2001), however, it is apparent that many more
genomic regions will need to be analyzed to understand
the nature of human genetic variation in all its com-

plexity.
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In the present study we examined genetic variation
in a 6.6-kb region (on chromosome 16) that is noncod-
ing but is located immediately upstream from the cod-
ing region of a well-studied gene, the melanocortin 1
receptor (MCIR). Our purpose is threefold. First,
MCIR is a key regulator of melanin synthesis (MCIR
expression increases the eumelanin to phaeomelanin
ratio in skin) and is the only gene identified thus far
to contribute to normal skin pigmentation variation in
humans (VALVERDE et al. 1995; ABDEL-MALEK et al.
1999). However, MCIR specifies only a part of the nor-
mal pigmentation spectrum. Some mutations in the
MCIR coding region are associated with light skin and
red hair. Indeed, the majority (but not all) of red-haired
individuals have mutations in the MCIR coding region
(HARDING et al. 2000). Recent studies of genetic varia-
tion in the MCIR coding region in worldwide popula-
tions (RANA et al. 1999; HARDING et al. 2000) revealed
MCIR haplotypes shared among humans with very dif-
ferent pigmentation phenotypes, indicating that there
are additional genetic determinants of skin color in
humans. Before turning to other pigmentation loci, we
examined whether genetic variation exists in the pro-
moter region of MCIR among humans, because such
variation may be partly responsible for human pigmen-
tation spectrum. Second, the variation in the coding
region of the MCIR gene shows unusual features. The
MCIR coding region is highly polymorphic in Asians
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and Europeans with a strong excess of nonsynonymous
substitutions (RANA ef al. 1999; HARDING et al. 2000). On
the other hand, the MCIR coding region is conserved
among Africans, where mainly synonymous substitu-
tions have been found (RaNA et al. 1999; HARDING et
al. 2000; Jou~n and Ramsay 2000). This pattern contrasts
with the data from other loci where Africans are usually
the most polymorphic (reviewed in PRZEWORSKI ¢! al.
2000; Yu et al. 2001; with the notable exception of the
Duffy locus, HAMBLIN and D1 Rienzo 2000). The data
led to the conclusion of strong purifying selection at
the MCIR coding region in Africans (RANA ef al. 1999;
HARDING et al. 2000). However, the data showing the
pattern of variation observed in European and Asian
populations can be explained in two different ways,
namely (1) selection for variants determining lighter
skin (RANA et al. 1999) or (2) relaxation of functional
constraints (HARDING et al. 2000). By sequencing the
promoter region of MCIR we aim to investigate which
explanation is more plausible. Third, our purpose was
to compare the pattern of variation and evolutionary
parameters estimated from this genomic region with
those of other regions studied by the same sampling
scheme, namely by examination of worldwide collec-
tions of one to six individuals per population (Kakss-
MANN ¢t al. 1999; ZHAO et al. 2000; YU et al. 2001). This
sampling design can cover a wider spectrum of allelic
variants worldwide as compared to studying polymor-
phisms in several “reference” population samples (PRZE-
WORSKI et al. 2000).

The 6.6-kb region we studied has been partially charac-
terized. It contains a 3.2-kb previously published se-
quence located upstream from the MCIR coding region
(MoRro et al. 1999; accession no. AB026663). Multiple
transcription initiation sites were detected within the
~600-bp sequence immediately upstream from the start
codon of MCIR. Binding of a basal transcription factor
SP-1 at three sites within the 1200 bp upstream from
the start codon was shown by gel shift assay (Moro et
al. 1999). There are also consensus sites of regulatory
elements AP-1, AP-2 (binding sites of activating proteins
1 and 2), two TATA-boxes (however, situated distantly
from the transcription initiation sites), and several
E-boxes (binding sites of basic/helix-loop-helix/leucine
zipper transcription factors). A promoter assay using
luciferase as a reporter gene revealed that the minimal
region exhibiting promoter activity (later called the
“minimal promoter”) was located within 517 nucleo-
tides upstream from the start codon (Moro et al. 1999).
Importantly, the 3.2-kb region studied by Moro et al.
(1999) does not contain a complete promoter, and a
regulatory element that silences expression of MCIR in
nonspecific tissues (other than skin) is likely to be pres-
entoutside of this region but remains to be identified. In
addition, another ~5 kb of noncoding sequence located
farther upstream was available in GenBank (accession
no. AC008145). A 3’ untranslated region (UTR) of the

KIAA1049 protein gene, expressed in the brain (KIkuno
et al. 1999), is located immediately upstream from this
noncoding sequence.

We analyzed the 6.6-kb region in 54 humans (18 Afri-
cans, 18 Asians, and 18 Europeans) and three outgroups
(chimpanzee, gorilla, and orangutan). Additional evolu-
tionary comparisons were made with the mouse MCIR
promoter region (ApacHI et al. 2000). Specifically, we
are interested in the following questions. (1) What is
the pattern of variation in this promoter region com-
pared to the noncoding regions studied with a similar
sampling scheme? (2) What is the distribution of varia-
tion among individuals in different continents? (3) Is the
variation evenly distributed throughout the sequenced
region, including the MCIR minimal promoter and Alu
sequences? (4) Are the data compatible with neutral
evolution? (5) Are the mutation rate (), the effective
population size (N,), the population parameter 0 =
4N., and the age of the most recent common ancestor
(MRCA) of the sequences in a sample estimated from
this region different from those of other regions? (6)
Can we identify sites with potential regulatory function
in the sequenced region from population screening and
comparison with the outgroup primate and mouse se-
quences?

MATERIALS AND METHODS

DNA samples: DNA used for this study was from 18 Africans
(5 Nigerians, 4 South African Bantu speakers, 2 Biaka pygmies,
2 Mbuti pygmies, 1 !Kung, 1 Kenyan, 1 Kikuyu, 1 Zulu, and
1 Ghanian), 18 Asians (6 Chinese, 5 Indians, 3 Japanese, 2
Vietnamese, and 2 Cambodians), and 18 Europeans (2 French,
2 Germans, 2 Russians, 2 Italians, 2 Swedes, 2 Ukrainians, 1
Finn, 1 Hungarian, 1 Spaniard, 1 Portugese, 1 Norwegian,
and 1 Dutch-Irish). To obtain outgroup sequences we used
DNA from the common chimpanzee (Pan troglodytes), gorilla
(Gorilla gorilla), and orangutan (Pongo pygmaeus).

PCR and sequencing: We sequenced a total of 6.6 kb of
noncoding segments between 3'-UTR of the KIAA 1049 pro-
tein gene and the MCIR gene coding region (Figure 1). A
minisatellite of ~1 kb in length and an ~0.3-kb region includ-
ing parts of the two middle AluS repeats were not sequenced.
Both regions proved to be difficult templates. The distribution
of repeats within the sequenced region is shown in Figure 1.
There are five Alu repeats: four AluS’s located next to each
other and one AluY.

A 6.6-kb noncoding region was amplified in five parts (se-
quences of the PCR and sequencing primers are presented
in the APPENDIX) by touchdown PCR (DoN et al. 1991): two
overlapping fragments covering positions 30307 to 27820 of
GenBank contig AC008145 and three overlapping fragments
covering positions 26657 to 23086 (the region between 25037
and 24784 was not sequenced for the reasons given above).
The PCR conditions were as described in ZHAO et al. (2000).
The PCR products were isolated from agarose gels and puri-
fied with a gel purification kit (QIAGEN Inc., Valencia, CA).
Sequencing primers were designed every 400-450 bp in both
directions. Sequencing reactions were performed according
to the protocol of the ABI Prism BigDye Terminator sequenc-
ing kit (Applied Biosystems, Foster City, CA) modified by
quarter reaction. Sequencing reactions were purified by Seph-
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adex G-50 (DNA grade, Pharmacia, Peapack, NJ) and run on
an ABI 377 DNA sequencer using 4.25% gels (Sooner Scien-
tific, Garvin, OK). Sequence in both directions was obtained
for each amplified product. We did not determine the exact
numbers of mononucleotides in poly(A) tails of Alu repeats.

ABI DNA sequence analysis 3.0 was used for lane tracking
and base calling. The data were proofread manually and het-
erozygous sites were detected as double peaks. For each indi-
vidual, sequences were assembled separately using SeqMan
in DNAStar (DNAStar, Madison, WI). Assembled files were
carefully checked by eye. Consensus sequences for all individu-
als were then aligned using MegAlign. Fluorescent traces for
each variant site were rechecked again in all individuals. Addi-
tionally, all singleton, doubleton, and tripleton sites (variants
that appear, respectively, only once, twice, or three times in
the total sample) were verified by reamplification and rese-
quencing. No errors were found. All sequences were submitted
to GenBank under accession nos. AF387914-AF387969.

Statistical analyses: The more frequent nucleotide at each
polymorphic site in the pooled sample of 54 sequences was
selected for the human consensus sequence. The human an-
cestral sequence was inferred from comparison with the out-
group sequences using parsimony. Nucleotide diversity (1)
and its standard error (derived from sampling variance) within
and between continents were calculated using DnaSP ver. 3.50
(Rozas and Rozas 1999). The Watterson estimator 6 and its
standard error (derived from sampling variance assuming no
recombination) per site were estimated from § (the total num-
ber of polymorphic sites) using DnaSP. The distributions of
m and 0 along the sequence were computed using the sliding
window option of DnaSP ver. 3.50 with the window size of 750
bp and step size of 25 bp. The distribution of K, the average
number of nucleotide substitutions per site between species
(human, chimpanzee, and gorilla) with the Jukes-Cantor cor-
rection, along the sequence was calculated with DnaSP using
the same sliding window and step size as above. Repeats were
identified with RepeatMasker (http:/ftp.genome.washington.
edu/RM/RepeatMasker.html). I was estimated according to
Wright. Statistical significance of differences in allele frequen-
cies at individual sites among the three continents was com-
puted using ax? test with Bonferroni correction for multiple
tests.

The HKA test (HupsoN et al. 1987) was performed using
the manual mode of DnaSP and the divergence was calculated
by comparison with the chimpanzee sequence. TAjIMA’S
(1989) test and Fu and Lr’s (1993) neutrality tests with an
outgroup were performed using the program at Dr. Fu’s web-
site (http:/hgc.sph.uth.tmc.edu/fu). The critical values for
the significance of neutrality tests were obtained from 5000
simulated samples. The distribution of Fu and Li’s F along
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the sequence was obtained using the sliding window option
of DnaSP with the same window and step size as above.

The average numbers of nucleotide differences between
human and outgroup sequences were calculated using
DAMBE (X1a 2000). Pseudohaplotypes were first generated
for each sequence. Gaps were deleted sitewise. The mutation
rate per nucleotide per year (v) was calculated according to
v = d/(2t), where d is the number of nucleotide substitutions
per nucleotide site between two sequences and ¢ is the diver-
gence time between the two species. The mutation rate per
sequence per generation was calculated as @ = vgl, where L
is the sequence length (bp) and g is the generation time
(human g= 20 yr). WATTERSON’s (1975) and TAjimA’s (1983)
methods were used to estimate 6 = 4N, where N, is the
effective population size.

The age of the most recent common ancestor of the se-
quences in a sample was calculated using Fu’s (1996) and Fu
and Lr’s (1996, 1997) methods. The mode, mean, and 95%
confidence interval were computed in terms of years.

Potential binding sites of transcription factors in the hu-
man consensus and variant sequences were predicted using
TRANSFAC (WINGENDER et al. 2000). An alignment with the
mouse sequence was obtained using Advanced Pipmaker
(http:/bio.cse.psu.edu/pipmaker/) with the chaining option
(ScHwWARTZ et al. 2000).

RESULTS

Pattern of sequence variation: We sequenced ~6660
bp of the selected region in 54 humans, one chimpan-
zee, and one gorilla, and 5789 bp in one orangutan.
The GC contents of the sequences are ~59%, which is
much higher than the genome average of ~42%.

A total of 76 variant sites were found among the 108
human chromosomes (Table 1). This included 72 nucle-
otide substitution sites (95%) and 4 insertions/dele-
tions (indels; 5%). All 72 nucleotide substitution sites
had only two alternative nucleotides: 58 (81%) were
transitions and 14 (19%) were transversions. Among
the four indels, there were two one-nucleotide indels
and two two-nucleotide indels. On average 11 or 12
variant sites were found per 1000 bp within the studied
region. Among the 76 variantsites (Table 1), 40 (includ-
ing two indels) were mutations found only in one se-
quence in the sample (singletons), 6 (including one
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TABLE 1

Numbers of variant sites (including indels) and nucleotide diversity () among the sequenced regions

10 kb in 1q24 10 kb in 22q11.2° 10 kb in Xq13.3¢

6.6 kb in 16q24.3°

All Afr. Non-Afr. All Afr. Non-Afr.

(128)
20 (2)

Afr. Non-Afr. All Afr. Non-Afr.
23 (1)

All

(108)°

Type of

(69) (23) (46)
11 (0)

(88)

(122) (40) (82) (40)
12 (0)

19 (3)

(72)
14 (1)
(1)

27 (1)

(36)

variant

8 (0)
0 (0)
9 (0)
17 (0)
0.035

19 (0)

12 (1)
4 (1)
28 (0)
44 (2)
0.091

8 (1)
19 (0)

27 (1)

7 (3)
2 (0)

20 (1)

26 (1)

40 (2)/

Singletons

5 (0)
8 (0)
24 (0)

5 (0)
9 (0)
33 (0)

5 (0)
11 (0)
28 (0)
0.046

7 (0)
22 (1)

4 (0)
28 (1)

6 (1)®

30 (1)

Doubletons
Others
Total

32 (1)

54 (2)
0.085

75 (4)
0.088

58 (2) 42 (3) 48 (4) 29 (4)
0.136

0.136

76 (4)
0.141

0.035

0.034

0.076

0.058

w (%)

“ This study.

*From YU et al. (2001).

‘From ZHAO et al. (2000).

From KAESSMANN et al. (1999).
*No. of chromosomes studied.

K. D. Makova et al.

/The number of indels is given in parentheses.

¢£One doubleton was shared between an African and an Asian.

indel) were found in two sequences (doubletons), and
30 (including one indel) were found in more than two
sequences (others). There was an excess of low fre-
quency variants (singletons and doubletons) compared
to the other types of variants (46 vs. 30).

Two estimates of nucleotide variation were calculated
(Table 2). The nucleotide diversity (), ¢.e., the average
pairwise sequence difference between two random se-
quences in a sample, was 0.141% per site. The average
estimate of 6, which is based on the observed number
of polymorphic sites in a sample, was 0.211% per site.
Under the neutral Wright-Fisher model, these two esti-
mates should be equal. A higher value of 6 than 7 (and
consequently a negative Tajima’s D) implies an excess
of low frequency variants compared to high frequency
variants, though the excess was not statistically signifi-
cant (Table 5).

Distribution of diversity among continents: The num-
bers of variant sites in African, Asian, and European
sequences were 58, 32, and 33, respectively. Indians
were grouped with East Asians as “Asians” and not with
the Europeans on the basis of geography and this group-
ing is supported by nucleotide diversity () between
populations calculated from the data. The nucleotide
diversity between the Indian and East Asian sequences
studied (0.128%) was slightly lower than that between
the Indian and European sequences (0.136%). Alto-
gether, the 36 African sequences had 58 variant sites,
whereas the 72 non-African sequences had only 42 vari-
ant sites (Table 1). There were 34 unique (not present
in the other continents) variant sites (including 26 sin-
gletons)among the African sequences, while there were
only 7 (all singletons) and 9 (7 singletons) unique vari-
ant sites among the Asian and European sequences,
respectively. Thus, Africans had the largest proportion
of variant sites (x> = 10.63, d.f. = 2, P < 0.005) and
the largest proportion of unique variants among variant
sites (x2 = 34.14, d.f. = 2, P < 0.001).

In Africans, the number of low frequency variants
(Table 1) was only slightly higher than the number of
other variants (30 vs. 28), whereas in non-Africans there
were almost 50% fewer low frequency variants than the
other variants (15 vs. 27), resulting in a positive though
nonsignificant Tajima’s D (Table 5). The proportion of
singletons was higher in Africans (26 singletons out of
58 polymorphic sites) than in non-Africans (14 single-
tons out of 42 polymorphic sites), but the difference
was not statistically significant (x? = 1.35,d.f. = 1, P =
0.25).

The average pairwise nucleotide diversity () was
highest in Africans (0.136; 95% C.I. = 0.114-0.158),
intermediate in Europeans (0.122; 95% C.I. = 0.104—
0.140), and lowest in Asians (0.116; 95% C.I. = 0.094—
0.138; Table 2), though all differences were not statisti-
cally significant. The m-value in non-Africans (when
Asians and Europeans were considered together) was
equal to that in Africans (0.136%). In contrast, the
0-value (Table 2) was almost twice as high in Africans
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TABLE 3

Relative frequencies of sequence variants and subdivision among continents

Africans Asians Europeans

Site Variants” (2n = 36) (2n = 36) (2n = 36) e Fsp

457 G/A 0.167 0.583 0.167 19.6* 0.181
552 G/A 0.167 0.139 0.056 2.3 0.021
564 C/T 0.083 0 0 6.1 0.057
631 G/C 0.056 0.056 0.111 1.1 0.010
665 T/C 0.028 0 0.083 3.6 0.033
1028 C/T 0.083 0 0 6.1 0.057
1051° G/C 0.167 0 0 12.7 0.118
1266 C/T 0.417 0.611 0.361 5.0 0.046
1708 C/T 0.056 0.167 0.500 21.0% 0.195
2065 C/A 0.139 0.139 0.111 0.2 0.002
2173 A/G 0.056 0.167 0.528 23.4% 0.216
2372" A/G 0.139 0.139 0.111 0.2 0.002
2973 G/A 0 0.056 0.028 2.1 0.019
3013° G/A 0 0.139 0.083 5.1 0.048
3327 C/T 0.056 0.139 0.500 22.5% 0.209
3413° G/A 0.417 0.222 0.139 7.6 0.071
4172 G/A 0 0 0.083 6.1 0.057
4206’ G/A 0.194 0.111 0 7.5 0.069
4288 G/A 0.250 0.667 0.194 20.6% 0.191
4333 T/C 0.194 0.083 0.111 2.1 0.020
4468" T/C 0.389 0.306 0.583 6.0 0.055
4485 A/G 0.056 0.139 0.556 27.5% 0.255
5021-5022° AT/— 0.556 0.722 0.389 8.1 0.075
5305" C/T 0.083 0.167 0.639 31.0% 0.287
5313 C/T 0.083 0 0 6.1 0.057
5539" C/T 0.083 0.167 0.639 31.0% 0.287
5674 G/A 0.083 0.194 0.667 32.1% 0.297
6112 C/T 0.611 0.583 0.278 9.8 0.091
6157 G/A 0.444 0.583 0.167 13.5 0.125
6376" A/T 0.611 0.667 0.167 21.6% 0.200
Average 0.112
Average with singletons and doubletons included 0.057

Singletons and doubletons were not included in this table. Only frequencies of the least frequent allele are
shown. Statistical significance of the differences of allele frequencies among the three continents was examined
with the x* test (d.f. = 2). *Sites at which allele frequencies among continents are significantly different (P <
0.001 derived from P < 0.05 using Bonferroni correction for 30 tests).

“The most frequent variant is shown first.

" Sites that potentially change their binding affinities to transcription factors.

“Sites located within the minimal promoter.

(0.209; 95% C.I. = 0.075-0.343) as in Asians (0.114;
95% C.I. = 0.036-0.192) or Europeans (0.110; 95%
C.I. = 0.034-0.186) ; however, the differences again were
not significant.

We examined differences among the continents at
each polymorphic site (excluding singletons and dou-
bletons; Table 3). Some variants were restricted to par-
ticular continents. Sites 564, 1028, 1051, and 5313 were
polymorphic only in Africans, site 4172 was polymorphic
only in Europeans, sites 2973 and 3013 were polymor-
phic only in Asians and Europeans, site 665 was polymor-
phic only in Africans and Europeans, and site 4206 was
polymorphic only in Africans and Asians. However, the
frequencies of the less common variant alleles at these
sites were usually low (<0.1; the notable exceptions are

sites 1051, 3013, and 4206). Also, the allele frequencies
at individual sites were different among the continents.
In fact, at 10 polymorphic sites the difference in allele
frequencies among continents was statistically signifi-
cant (Table 3). We calculated Wright’s Fsr to measure
the amount of differentiation among the continents
(Table 3). The average Fg for 76 polymorphic sites
was 0.057 (it was 0.112 with singletons and doubletons
excluded). Fyr at individual sites ranged from 0.002 to
0.297.

Distribution of diversity and divergence along the
sequence: As an ~1-kb minisatellite-containing region
and an ~0.3-kb region containing parts of Alu repeats
were not sequenced, our sequencing resulted in three
continuous fragments: 1-2488 bp, 2489-4362 bp, and
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4363-6600 bp (Figure 1; we kept the numbering contig-
uous in spite of two gaps in the sequence). The subdivi-
sion of the sequence into the three fragments is based
solely on our inability to sequence through a minisatel-
lite (1 kb long) and the 0.3-kb region of Alus. The AluY
repeat was located in 433-714 bp, two AluS repeats were
located in 3820-4362 bp, and another two AluS repeats
were located in 4363-4901 bp. We analyzed Alu-con-
taining regions separately because they might have
higher values of nucleotide diversity compared to sur-
rounding regions (NACHMAN and CROWELL 2000; CHEN
and L1 2001). To investigate whether nucleotide diver-
sity was evenly distributed along the sequence, estimates
of m and 6 were compared among the 5 (1-432 bp
and 715-2488 bp with AluY excluded), AluY subregion
(433-714 bp), middle (2489-3819 bp), Alu-rich (3820-
4901 bp), and 3’ (4902-660 bp) subregions (Table 2);
the 3’ subregion is adjacent to the MCIR coding se-
quence (Figure 1). A sliding window analysis of m and
0 provides a graphical representation of the results (Fig-
ure 2A). The average numbers of differences between
any two sequences in a sample () were about half in
the 5’ (m = 0.094; 95% C.I. = 0.082-0.106) and middle
(m = 0.086; 95% C.I. = 0.070-0.102) subregions com-
pared to the Aluwrich (m = 0.182; 95% C.I. = 0.164—
0.200) and 3" (w = 0.179; 95% C.I. = 0.167-0.191)
subregions (Table 2). This difference was statistically
significant and suggests a smaller number of high fre-
quency variants in the 5’ and middle subregions com-
pared to the Alu-rich and 3’ subregions. The Alu-rich
subregion had values of nucleotide diversity (6 = 0.213;
95% C.I. = 0.057-0.369; see m above) only slightly
higher (and not significantly so) than that within the
adjacent 3" subregion (6 = 0.169; 95% C.I. = 0.053—
0.285). AluY had very high estimates of m (0.386; 95%
C.I. = 0.318-0.454) and of 6 (0.874; 95% C.I. = 0.248-
1.500) compared to the other subregions analyzed (the
difference for m is statistically significant, while it is not
for 0). This repeat had 13 polymorphic sites within 280
bp, 9 of which were low frequency variants.

The distribution of nucleotide diversity along the se-
quence was different in Africans compared to Europe-
ans and Asians (Table 2; Figure 2A). In Africans there
was an excess of low frequency variants over high fre-
quency variants (D was negative, though not significant)
in all five subregions. In Asians and Europeans there
was an excess of low frequency variants in the middle
and AluY subregions (not significant), but there were
more high frequency variants than low frequency ones
in the other subregions (not significant; Table 2;
Figure 2A).

We examined the spatial distribution of divergence
on the basis of a comparison of human and chimpanzee
and human and gorilla sequences (Figure 2B). The 5/,
middle, Alerich, and 3’ subregions had similar diver-
gence. The AluY region had elevated divergence be-

tween human and gorilla, but not between human and
chimpanzee.

Tests of departure from neutrality: To examine
whether variation in the sequenced region is compatible
with neutral evolution, we used several tests. First, using
the Hudson-Kreitman-Aguadé (HKA) test (Hubson
et al. 1987) we compared polymorphism and diver-
gence (estimated between human and chimpanzee se-
quences) of the sequenced region with that of a 10-kb
noncoding region on human chromosome 22 (ZHAO et
al. 2000). The sequences from all three continents were
pooled for this test. The chromosome 22 region showed
no significant deviation under several neutrality tests
(Zuao et al. 2000), so presumably it evolves neutrally
and can be used as an adequate comparison in a HKA
test. The polymorphism and divergence were remark-
ably similar between the two regions (note that our
region is only % in length of the region sequenced on
chromosome 22), and consequently the test was not
significant (Table 4). Similarly, the HKA tests were also
performed separately for sequences from each conti-
nent. The results were again not significant (notshown).

Second, Tajima’s test and Fu and Li’s test with an
outgroup were applied to the pooled sample and to
each of the three continent samples (Table 5). When
sequences from all three continents were pooled, Taji-
ma’s test was not significant, while Fu and Li’s D and F
were highly significant (P < 0.005). All three test statis-
tics were negative for the pooled sample. Fu and Li’s D
and Fwere significantly negative for the pooled sample
even when calculated with the AluY excluded (D =
—3.65, P < 0.02; I' = —2.95, P < 0.02), specifying a
significantly high proportion of “young” vs. “old” muta-
tions. When each continent was considered separately,
Tajima’s test was again not significant. However, Fu and
Li’s Fand D were significantly negative in Africans (P <
0.05) and consistently positive (though not significant)
in Asians and Europeans. This suggests that the se-
quenced region does not evolve neutrally in Africans.
Furthermore, while Africans had a significantly high
proportion of young mutations, Asians and Europeans
had a high proportion of old mutations, although this
was not significant.

The distribution of Fu and Li’s Fstatistic along the
sequence is intriguing (Figure 3). For the pooled sample
from three continents, /'is negative in the 5’ and middle
subregions of the sequence, but is around 0 in the 3’
subregion of the sequence (adjacent to the MCIR cod-
ing region). The distribution of F-statistic along the se-
quence in the African sample is similar to that of the
pooled sample. In contrast, in both Asian and European
samples F is positive or around zero for most of the
sequence length, except for the middle subregion in
Europeans.

We hypothesize the presence of selection in the mid-
dle subregion as it is conserved (compared to the 5’
and 3’ subregions) and is the only subregion to exhibit
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TABLE 4
Results of the HKA test

10kbin 6.6 kb in
22q11.2 16q24.3
Intraspecific polymorphism data
Segregating sites (obs) 71 72
Segregating sites (exp) 72.2 70.8
Total no. of sites 9901 6598
Sample size 128 108
Interspecific divergence
No. differences (obs) 133.8 133.0
No. differences (exp) 132.6 134.2

x> = 0.017, P = 0.8952

Indels were not considered.

a negative Tajima’s D value in all three continents (see
DISCUSSION). Additionally, Fu and Li’s D is significantly
negative for the African sequences and when all se-
quences are analyzed together (Table 6). To distinguish
between purifying (or background) selection and direc-
tional selection (or hitchhiking) we compare Tajima’s
test statistic with Fu and Li’s D statistic for this subregion
(Table 6). Tajima’s test statistic is less negative than Fu
and Li’s D for the pooled sample as well as for the
African and European samples. This suggests that puri-
fying but not directional selection is the more likely
cause of the pattern observed in the middle subregion
(Fu 1997).

Mutation rate, parameter 0, effective population size,
and age of the most recent common ancestor: The aver-
age numbers of nucleotide substitutions per site were
2.03% between the human and chimpanzee sequences,

2.59% between the human and gorilla sequences, and
5.62% between the human and orangutan sequences.
The substitution rates were estimated to be 1.68 X 1079,
1.61 X 1077, and 2.02 X 107 per nucleotide per year
by using a divergence time of 6 million years between
human and chimpanzee, 8 million years between hu-
man and gorilla (Table 7), and 14 million years between
human and orangutan (data not shown). Other diver-
gence times were also considered (Table 7). The diver-
gence times are based on estimates of GOODMAN et al.
(1998) and from CHEN and L1 (2001). Divergence data
between human and orangutan were excluded from
further analysis as we did not obtain a complete se-
quence for the region from orangutan and as we were
mostly interested in parameter estimation for humans,
so the most closely related outgroup species were cho-
sen. The average mutation rate from comparisons be-
tween human and chimpanzee and between human and
gorilla sequences is 1.65 X 107° per nucleotide per
year, which is equal to 2.16 X 107* per sequence per
generation.

Different methods were used to calculate the popula-
tion parameter 0. It was estimated to be 8.64 by the
average mutation rate per sequence per generation and
an effective population size of 10,000 (TAKAHATA 1993),
13.70 by Watterson’s method (WATTERSON 1975), and
9.14 by Tajima’s method (TajiMa 1983). The higher
value of 0 estimated by Watterson’s method is due to
an excess of singletons and doubletons. Watterson’s and
Tajima’s 0-values were used to estimate the effective
population size for several divergence times (Table 7).
The results are largely in agreement with the commonly
accepted estimate of 10,000.

TABLE 5

Neutrality tests

No. of Critical value
Test sequences o Test value (P = 0.05) Probability
African sequences
Tajima’s test 36 8.85 —1.195 —1.39 P> 0.05
Fuand Li’'s D 36 8.85 —1.945% —-1.92 P <0.05
Fuand Li's F 36 8.85 —1.851% —1.82 P <0.05
Asian sequences
Tajima’s test 36 7.66 0.082 —1.41 P> 0.10
Fuand Li’'s D 36 7.66 0.122 —1.84 P> 0.10
Fuand Li’s F 36 7.66 0.119 -1.75 P> 0.10
European sequences
Tajima’s test 36 7.92 0.441 —1.39 P> 0.10
Fuand Li’'s D 36 7.92 0.269 —1.84 P> 0.10
Fuand Li’s F 36 7.92 0.369 -1.72 P> 0.10
All sequences
Tajima’s test 108 9.14 —1.040 —-1.87 P> 0.10
Fuand Li’'s D 108 9.14 —4.044%* —1.88 P < 0.005
Fuand Li’s I 108 9.14 —3.134%* —1.69 P < 0.005

* Significant at P < 0.05 level; ** significant at P < 0.005 level.

“0T, Tajima’s (1983) 6.
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The age of MRCA was estimated for several values
of effective population size for the entire sample, the
African sample, and the non-African sample using the
average mutation rate of 2.16 X 107* per sequence per
generation (Table 8). Assuming the commonly used
effective population size of 10,000 (TAKaAHATA 1993),
the mode estimate (7,..) and mean estimate (7;,c.,)
are, respectively, 1,520,000 and 1,577,000 years for the
entire sample. The estimates for the African sample are

only slightly smaller than that for the entire sample,
and the estimates for the non-Africans are about two to
three times smaller than that for the entire sample,
although these differences are not statistically signifi-
cant (Table 8).

Polymorphism at transcription factor binding sites
and phylogenetic footprinting: The potential effect of
the variation at polymorphic sites on the function of
the MCIR promoter was investigated. We examined
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TABLE 6

Comparison between Tajima’s statistic and Fu and Li’s
D in the middle subregion (2489-3819 bp)

Test Statistic value Probability
African sequences
Tajima’s statistic -1.72 P> 0.05
Fu and Li’s D —3.12% P < 0.05
Asian sequences
Tajima’s statistic —0.42 P> 0.10
Fu and Li’s D 0.22 P> 0.10
European sequences
Tajima’s statistic —0.69 P>0.10
Fu and Li’s D —1.22 P> 0.10
All sequences
Tajima’s statistic —1.64 P> 0.05
Fu and Li’s D —4.47%* P <0.02

* Significant at P < 0.05 level; ** significant at P < 0.02
level.

whether any of the polymorphisms were located within
the binding sites of transcription factors specified by
Moro et al. (1999). In two alleles (belonging to a |Kung
and a South African Bantu speaker) one of the SP-1
binding sites (sites 6002 and 6152, respectively) was
disrupted; however, the second allele in each of these
two individuals might compensate the promoter func-
tion. At the other transcription factor binding sites pre-
dicted by MoRro et al. (1999) there was no variation.
One of the TATA-boxes was not included in our analysis
due to problematic sequencing in this part of the region.
One of the E-boxes (site —2631 to —2626 according to
Moro et al. 1999) was not confirmed by our sequencing.

We also tested whether changes at other sites might
be important for MCIR promoter function. Potential
transcription binding sites were predicted by compari-
son with the TRANSFAC database. The variation at 12
variant sites (Table 3) changes the recognition sites of
the potential transcription factors. Notably, four of these
sites (sites 4485, 5305, 5539, and 6376) had significantly
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TABLE 8
The age (T, 10° yr) of the MRCA of human sequences

Sequences N, Trvode Trvean 95% interval
All samples 10,000 1,520 1,577 856-2,392
12,000 1,325 1,412 739-2,227
15,000 1,104 1,220 612-2,004
Africans 6,000 1,536 1,573 946-2,218
8,000 1,382 1,473 838-2,182
10,000 1,288 1,365 744-2,088
Non-Africans 6,000 768 811 389-1,344
7,000 694 766 358-1,299
8,000 646 728 339-1,248

The average mutation rate (2.16 X 107*/sequence/genera-
tion) was used.

different allele frequencies among the analyzed conti-
nents (Table 3).

Comparison of the transcription binding sites pre-
dicted by Moro et al. (2000) among human, chimpan-
zee, gorilla, and orangutan sequences revealed interest-
ing features. The only E-box located within the minimal
promoter in human had different copy number in dif-
ferent species. There was only one E-box at this position
in human, but three in chimpanzee, and two in gorilla
and orangutan (mouse also had two E-boxes at this site).
In addition, two of the three experimentally proven SP-1
sites in human were disrupted in orangutan.

From ~800 bp of mouse MCIR promoter available
(ApacHI et al. 2000), 514 bp were aligned with the
homologous segment from the human MCIR promoter
with 58% similarity (Figure 4). Interestingly, the seg-
ment conserved between mouse and human sequences
corresponds to the minimal promoter of the MCIR
gene. The only E-box in the human MCIR minimal
promoter is conserved between mouse and human. In
mice, there were four more E-boxes within the minimal
promoter compared to the human sequence. Four out
of five polymorphic sites in the minimal promoter in
human populations were conserved in human-mouse

TABLE 7

Comparison of the estimated values of mutation rate, parameter 0, and effective population size N,

Chimpanzee vs. human

Gorilla vs. human

Parameters

div. time, myr 5 6 7 7 8 9

v (107%/site/year) 2.03 1.68 1.45 1.85 1.61 1.44
w (107*/seq./gen.) 2.67 2.21 1.90 2.42 2.11 1.88
0 (N. = 10,000)* 10.68 8.84 7.60 9.68 8.44 7.52
N. (W)? 12,800 15,500 18,000 14,100 16,200 18,200
N, (T)* 8,500 10,300 12,000 9,400 10,800 12,200

“0 was estimated by 6 = 4N, using N. = 10,000.

"N. (W), the N, value estimated by 6/4p using WATTERSON’s (1975) 6-value (13.70).
“N. (T), the N, value estimated by 6/4w using TAajiMA’s (1983) 0-value (9.14).



FiGure 4.—Alignment of the human and
mouse MCIR minimal promoter. Consensus
binding sites of transcription factors are under-
lined. Polymorphic sites in humans are shown in
boldface and high frequency sites are underlined
in bold. The last three nucleotides constitute the
start codon of the MCIR gene. The numbering of
the mouse sequence is according to its GenBank

entry (accession no. AF176016).
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0 . H . : . : . : . :
human 6081 CTGGGTCCTGCAC GCCGCCTGGTGGCAGGCYGGGCCATGGTGGGTGCT
UL T o= L0 Tl T Tad] 1l eee o] s
mouse 251 CTCGGTGCTGCCTCTGCCCCCTAGAGGCAGCCTGGGGCACTACACATCCC
50 . : . : . : . : . :
human 6129 CACGCCCCCGGLCATGTGGLCCGCYCTCARTGGGAGGGGCTCTGAGAAC
0 Tes T VU= TOEELTE LT e e
mouse 301 TGGCACATGCCCATCATGTGGCCACCCTCAGGAGGAGGGGCTCCAGGGGA
E-box E-box SP-1
100 . : . : . : . : . :
human 6176 GACTTTTTAAAACGCAGAGAAAAGCTCCATTCTTCC CAGGACCTCAGC
s Tl HEEEEEEEEEETE VT e b=~ e e | s ]
mouse 351 TGAGTTAAAAGATTAAGAGAAAAGCTCCCTTCTTTCTCCAGAGTCCCGTC
150 . H . : . : . :
human 6224 GCAGCCCTGGCCCAGGAAGGCRGGAGA CAGAGGCCAG
N I L —— LT T
mouse 401 T ACCCTGGCTTGGCGAGGGAAAGGAACCAGACATATATCAGAGGCAAG
200 : . : . . : . :
human 6261 GAC GGTCCAGAGGTGTCGAA ATGTCCTGGGGACCTGA
| oo IR s
mouse 449 TAACCAAGAAGTCTGGAGGTGTTGAGTTTAGGCATGTCTCT ACCTGA
250 . : . : . : . : .
human 6298 GCAGCAGCCACCAGGGAAGAGGCAGGGAGGG AGCTGAGGACCAGGCT
[ [----- UL FL L o= 10 [T L] --
mouse 496 GC CACTTGGGAAGAGACAGGGAGAACAGCAGAAGGCTAAGCTAC
E-box
300 : . : . : . : . :
human 6345 TGGTTGTGAGAATCCCTGAGCCCAGGC GGTWGATGCCAGG
——————— s LU LD DT 1 a0 e 111
mouse 540 TTCACACTGGCAGTGAGAGTCCATGAGCAGAGCTCAGGGTCCTCAGCAGG
350 . : . : . : . : . :
human 6385 AGGTGTCTGGACTGGCTGGGCCATGCCTGGGCTGACCTGTCCAGCCAGGG
LA T - FLLLDEEL L = LT T
mouse 590 AAGTGTCTAT GCCATGCCGAGGCTGGCCTGTCCAGCCAGAA
400 . : . : . : . : . :
human 6435 AGA GGGTGTGAGGGCAGATCTGGGGGTGCCCAGATGGAAGGAGGCA
[T sl 1] Tl b s LT
mouse 631 AGAACACAAGTGTAAAGGAAAATCGGAGCGTGCCTGTATGGAAAGAGGCC
E-box
450 . : . : . : . : . :
human 6481 GGCATGGGGGACACCCAAGGCCCCCTGGCAGCACCATGAACTAAGCAGGA
IR INEN R
mouse 681 GGTCTGAGGGATGTCAGAGACCCCC GACAACAACATGAAGTGAATCAGA
500 . : . : . : : . :
human 6531 CACCTGGAGGGGAAGAACTGTGGGGACCTGGAG GCCTCCAACGAC
T === [T
mouse 730 AGCTGGGGGCTGATACC ACCTGGAGCTGCAGCCTCCACAGAC
E-box
550 . : . : .
human 6576 TCCTTCCTGCTTCCTGGACAGGACTATG
LT LT
mouse 772 CGCTTCCTACTTCCT GACAAGACTATG

comparison: the consensus nucleotides at these sites in
humans were the same as those in mouse.

DISCUSSION

High polymorphism in the sequenced region: The
region sequenced in this study is more polymorphic
than the other three regions (each ~10 kb long) studied
with a similar sampling scheme—one on chromosome 1
(YU et al. 2001), one on chromosome 22 (ZHAO et al.
2000), and one on chromosome X (KAESSMANN et al.

1999). There were more polymorphic sites in the se-
quenced 6.6-kb region than in any of the three 10-kb
regions (Table 1). The number of variable sites and
consequently nucleotide diversity (especially 0) are ex-
pected to increase with sample size. Our study examined
a slightly smaller sample size compared to the ones
for the two other autosomal regions and still showed a
higher polymorphism. The study on chromosome X
(KAESSMANN et al. 1999) examined a smaller sample size
than we did and its low polymorphism may be due in
part to this and in part to a smaller effective population
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size for the X chromosome compared to an autosome.
The average nucleotide diversity () in the present re-
gion (0.141%) is higher than that in any of the three
10-kb regions (Table 1) and than the average value
across 16 loci (0.081%) reported by PRZEWORSKI et al.
(2000). In fact, only 3 out of the 16 loci (LPL, B-globin,
and PDHAI) had a nucleotide diversity value higher
than that for the present region. The 6-value in the
present region (0.211% or 0.175% with Alus excluded)
is higher than that in any of the 16 loci surveyed by
PrRZEWORSKI ¢t al. (2000), even though for many of them
a larger sample size was examined.

The high polymorphism in the present region may
be due to a high mutation rate (see below), a high
recombination rate, and the presence of Alu repeats.
The studied region is located on the very tip of the
long arm of chromosome 16 (16q24.3), and the local
recombination rate there is ~3.76 cM/Mb (reported
for a marker D16S3037, located about 10 cM from the
MCIR gene; PAyseur and NacaMAN 2000), which is
higher than the average for the human genome (~1.5
cM/Mb; Paystur and NacHMAN 2000). The local re-
combination rate in the present region is also higher
than thatin the 10-kb region on chromosome 22 (~1.86
cM/Mb; PAaysturR and NacHMAN 2000) and the 10-kb
region on chromosome X (~0.16 cM/Mb; KAESSMANN
et al. 1999). A positive correlation was found between
nucleotide diversity and recombination rate in Drosoph-
ila and humans and was attributed to the regions with
low recombination rates being subject to stronger back-
ground selection and/or selective sweeps (BEGUN and
AQUADRO 1992; CHARLESWORTH 1994; NACHMAN et al.
1998).

The presence of Alu repeats contributed to the high
level of variation in the sequenced region. The w-value
is reduced from 0.141 to 0.120% and the 6-value is
reduced from 0.211 to 0.175%, when Alus are excluded
from the analysis. High polymorphism at Alus is ex-
plained by a prevalence of highly mutable CpG dinucle-
otides in these repeats, especially in young Alus, such
as AluY in the present region (ScHMID 1998).

Nonuniform distribution of variants among conti-
nents: Comparison of the patterns of sequence variation
among the three continents in the present region and
other regions studied with a similar sampling scheme
(Table 1; KAESSMANN et al. 1999; ZHAO et al. 2000; YU
et al. 2001) led to several conclusions. In all four regions
there were more variants in the African sample than in
the non-African sample. As in the other three regions
(reviewed in YU et al. 2001), in the present region the
estimate of m was higher in Africans than in Asians or
Europeans. The distribution of singletons, doubletons
(low frequency variants), and other (high frequency)
variants among the continents was investigated. The
region sequenced here follows a pattern similar to that
observed in the 10-kb region on 22q11.2 (ZHAO et al.
2000): there were about equal numbers of low and high

frequency variants in Africans and an excess of high
frequency variants in non-Africans (Table 1). In the 10-
kb region on chromosome X there was an excess of low
frequency variants in Africans and an approximately
equal number of low and high frequency variants in
non-Africans. On the other hand, in the 10-kb region
in chromosome 1 (YU et al. 2001) there was a deficiency
of low frequency variants in Africans and an excess of
low frequency variants in non-Africans. This suggests
that considerable variation exists in the intercontinental
distribution of polymorphic sites among different re-
gions of the genome. Future studies will determine
whether the pattern observed in the present region and
in the 10-kb region on chromosome 22 (ZHAO et al.
2000) is the prevailing one.

In the present region there was a high range of Fyr
values among sites. Some site variants were unique to
particular continents (Table 3), but the frequencies of
such variants were usually low. Importantly, allele fre-
quencies at several sites were significantly different
among continents (Table 3).

Nonneutral evolution and forces shaping the varia-
tion: Our analyses indicate that the present region has
not evolved according to the neutral Wright-Fisher
model. Highly significant negative I and D values (im-
plying an excess of rare variants) for the pooled sample
suggest purifying (or background) selection, directional
selection (or selective sweep), or population growth.
Pooling of data from different populations may result
in a higher level of population subdivision. However,
population subdivision tends to reduce rather than in-
crease the proportion of low-frequency variants (YU et
al. 2001). Of course, in those cases where only two genes
(one individual) were sampled from a subpopulation,
the number of singletons may be increased, but this
may be partly compensated by the above tendency.

The distributions of 7, 6, and Fu and Li’s Fstatistic
(Figure 2A; Figure 3) were not uniform among the
continents. This implies either different demographic
histories or different selective pressures among the con-
tinents. The pattern of distribution of Fu and Li’s
Fstatistic in this 6.6-kb region among three continents
is in sharp contrast to the uniform distribution of F in
the APOE region among four populations (FULLERTON
et al. 2000). The African sample exhibited a significant
excess of young mutations, when all the subregions were
considered together. This can be explained by strong
selective pressure specifically on Africans or population
expansion in Africans or both. The latter possibility has
been considered by many authors (reviewed in PrRzEw-
ORSKI el al. 2000). Also, an excess of high over low
frequency variants (not significant) in Asians and Euro-
peans suggests a phase of population size reduction in
non-Africans, as proposed by PRZEWORSKI et al. (2000).
The sequenced locus follows the pattern observed in
six out of eight loci, analyzed in PRZEWORSKI et al.’s
(2000) Table 3; Tajima’s D is higher in non-Africans
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compared to Africans. As this is observed in the majority
of the loci studied, it probably reflects a demographic
effect.

The distributions of r, 6, and Fu and Li’s Fstatistic
(Figure 2A; Figure 3) were also not uniform throughout
the sequenced region. This observation can be ex-
plained by differential selective pressures acting on dif-
ferent parts of the sequence (or their different proxim-
ity to genes under selection). In particular, the 5" and
middle subregions were significantly less variable than
the 3’ subregion. This suggests either that the 5’ and
middle subregions evolve under functional constraints
or that the 3’ region is under diversifying selection. The
distribution of variation is also nonuniform among the
three continents. In Africans the 5’ and middle subre-
gions may be evolving under purifying selection. This
hypothesis is supported by significantly negative Fu and
Li’s D and F (Table 6) in the middle subregion and by
marginally significant Fu and Li’s F'in the 5’ subregion
(f'=—2.15,0.05 < P < 0.10). In Asians and Europeans
part of the 5’ subregion close to the KIAA1049 gene
and parts of the middle subregion may also be evolving
under purifying or background selection (suggested by
negative I values; Figure 3). We speculate that an un-
identified part of the MCIR promoter, a silencing ele-
ment that specifies a tissue-specific expression of the
MCIR gene, might be located within the 5" or middle
region and this important element may be under func-
tional constraints. On the other hand, low polymor-
phism in the 5’ subregion might be explained by its
proximity to the KIAA1049 gene.

Positive (though nonsignificant) F and D values in
Asians and Europeans (Figure 3) in the 3’ subregion
and parts of the 5’ subregion as well as a high average
nucleotide diversity () in the 3’ subregion suggest that
some sites in these subregions may be evolving under
diversifying selection (possibly including the ones in-
volved in the MCIR promoter function in Asia and
Europe) and/or that the 3’ subregion is linked to a
gene under diversifying selection (RaANA et al. 1999).
The contrast between F values in Asians or Europeans
and those in Africans is interesting: the values are nega-
tive in Africans (except for the small segment in the 3’
subregion), whereas they are mostly positive in Asians
and Europeans. However, the test statistics were not
significant, so the variation may be neutral. The sugges-
tion that the MCIR gene is under relaxation of selective
constraints in Asians and Europeans (HARDING et al.
2000) is not supported by the present data, because
European and Asian sequences are less polymorphic
than African sequences in the 3’ subregion, contrary to
the pattern observed in the coding region. However,
the difference is not statistically significant and the hy-
pothesis of relaxation of selective constraints in Asians
and Europeans cannot be dismissed.

Although it is difficult to make firm conclusions be-
cause both demographic factors and selection left their

signatures in shaping the genetic variation of the same
region, the observed pattern of polymorphism is consis-
tent with a population expansion in Africans. We also
speculate about (1) a possible phase of population size
reduction in non-Africans and (2) possible purifying
selection in the 5" and middle subregions. The hypothe-
sis of diversifying selection acting on some sites in the
3’ subregion or perhaps on the MCIR coding sequence
in Asians and Europeans requires further investigation.
The mostly uniform distribution of divergence in hu-
man-chimpanzee and human-gorilla comparisons sug-
gests that the evolutionary events shaping this region
are recent (z.e., they took place after the human-chim-
panzee divergence).

Population parameters and age of the most recent
common ancestor: The mutation rate within the se-
quenced region estimated from the comparison of hu-
man sequences with the chimpanzee and gorilla se-
quences (1.65 X 1077 per site per year) is higher than
either of the estimates obtained for the 10-kb regions
on chromosome 1 (0.74 X 107% Yu et al. 2001) and
chromosome 22 (1.15 X 107% ZHA0O et al. 2000). This
correlates with the high nucleotide diversity and sug-
gests the highest neutral evolutionary rate for the pres-
ent region among the three regions compared. The
effective population size estimated for several diver-
gence times and various estimates of 6 supports the
commonly used value of 10,000. This is consistent with
the estimates from the 10-kb regions on chromosome 1
(Yu et al. 2001) and chromosome 22 (ZHAO et al. 2000).
As the assumption of neutrality is most likely violated
for the present region, the estimates of mutation rate
and population parameters should be treated cau-
tiously, at least in Africans.

The estimates of the age of MRCA for the entire
sample, Africans, and non-Africans were similar to the
previous estimates from the 10-kb regions on chromo-
some 1 (YU et al. 2001) and chromosome 22 (ZHAO et
al. 2000). The results imply ancient genetic histories for
Africans and for non-Africans. As pointed out by YU et
al. (2001), the age of MRCA might be overestimated
because the method used (Fu 1996; Fu and L1 1996,
1997) does not correct for excess of singletons in the
data set.

Sites with potential regulatory function and phyloge-
netic footprinting: Studies comparing levels of MCIR
expression among humans of different continents are
not available, but we may hypothesize different levels
of MCIR expression among humans with different skin
colors. Our study suggests polymorphic sites that may
be important for differential MCIR expression and, as
a consequence, pigmentation variation in humans. Pro-
moter assays can be used to determine the role of muta-
tions at these sites on the regulation of MCIR expres-
sion. Sites that have different allele frequencies among
continents and polymorphisms that change recognition
sites of potential transcription factors (Table 3) should



DNA Polymorphism in MC1R Promoter 1267

be examined first. Examination of high frequency poly-
morphic sites within the minimal promoter may be fruit-
ful, in view of the fact that most high frequency variant
sites are conserved in mouse (¢.e., they may be function-
ally important) and may be subject to diversifying selec-
tion according to our neutrality tests. In addition, since
SP-1 is a transcription factor that determines the basal
level of expression (BENTLEY et al. 1994), the level of
expression may be different for alleles with nonconsen-
sus SP-1 sequences (two singleton alleles in Africans).
Although these alleles were each present in only one
chromosome from a total of 108 chromosomes exam-
ined, their frequency may be higher in the populations
in which they were found (!Kung and South African
Bantu speakers).

Phylogenetic footprinting of the MCIR promoter pro-
vides interesting insights. Different numbers of E-boxes
within the minimal promoter may be an important regu-
latory mechanism of MCIR expression. It is known that
MCIR is expressed at a level much lower in humans
than in mice (~100-fold; MounTjOYy 1994). This corre-
lates with the number of E-boxes in the minimal pro-
moter: only one in human, but five in mouse. Mouse
mast cells were shown to bind a microphthalmia tran-
scription factor, an important regulator of gene expres-
sion in skin, at two out of five E-boxes (ADACHI el al.
2000)—at a site with the variable number of E-boxes in
primates. Consequently, from the examined primate
outgroups, chimpanzee (three E-boxes) may have the
highest level of MCIR expression and gorilla and orang-
utan (two E-boxes) may be intermediate. Additionally,
disruption of two out of three SP-1 sites in the orangutan
might have weakened the orangutan promoter. This
might contribute to the low eumelanin level in orang-
utan and, as a result, to the red color of its hair. This
hypothesis should be tested in functional studies.
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APPENDIX

Primer sequences

Primer Sequence (5'-3") PCR®
111F CACTGTTTCTCCTATAAATGTAAATGGGTCAC 1410R
575F GACAAGAGTCTCACTGTGTCGC

957F GCCCATGTAGCAAAGATCAGG

524R GTCAGATTCAACAGATAGTGGCATC

918R GGCACTTCTCTGCAAAACATGCT

1410R CCAGGAACTGCCAAAAGGATGAACTC 111F
1365F CCCATCACTGTGTAATCGTCTAACCTG 2629R
1796F GGGATCTGCACTCATCTCCAGG

2185F GCTGAGCCTACTTCCAATGAC

1818R GGGTTATCTCCCAACCATCTTC

2235R CCACAATCATGGCAGAGGCTAC

2629R CGAGGGCTGCGAGAGGTAAAAC 1365F
3770F GCCCTGGATGCCAGACACTGTAT 5090R
4212F CCCAGTTCTCATGCCCTTTCAAGT

4685F GCGTGTGTGAACAGAAACAGG

4248R ACCCCAGCCTCCACTGCTACC

4707R CAAACCATCTTCAAATCGGCAG

5090R GCCCTAAAATGTTTTAATTGAGGTACAACATA 3770F
211F GCTTATGTGGCTGGTTCAGGTCTGTCATCC 1682R
627F GGCTCATCCCTGTAATCTCAGCAT

780F AGCTAGTTGGGAGGCTGAGGCATAAGTATTG

953F TTTTGAGACTGTATCTCTGTTT

536R GGCTGGAGTGCAGTGGCATGATCTTGG

846R CGCAGGCTGGAGTGTAGTGGTGCATTC

1218R AAATTATTATTGCAGGGCACAG

1601R GTGAGGACATTAATATTTTTCATA

1682R GATGTTCGAGTTAAAATCCATCCTGTCTCTCGC 211F
1623F ACACACGGAGGTGGCTTGTGAGTGGT IN
1988F GCGAGAGGTCTGCCTTTGATGTGG

2429F CCTGGTCCAGCCCCCAAATCTGC

2863F GACGGTCCAGAGGTGTCGAAATGTCC

2001R GCCCTGCACCAACAGCCACATCAAAG

2383R GTTCTGGAAACTGAGTGAGCCCTGC

2802R CGCTGAGGTCCTGGGAAGAATGGAG

IN GGTGGAGTTGAGGGAGCCCAGAAGTCTT 1623F

“The primer used for PCR with this primer.



